The present study reports a novel response to sulforaphane, a highly promising anticancer constituent of several edible cruciferous vegetables, in PC-3 and LNCaP human prostate cancer cells involving induction of autophagy. Exposure of PC-3 and LNCaP cells to sulforaphane resulted in several specific features characteristic of autophagy, including appearance of membranous vacuoles in the cytoplasm as revealed by transmission electron microscopy and formation of acidic vesicular organelles as revealed by fluorescence microscopy following staining with the lysosomotropic agent acridine orange. The sulforaphane-induced autophagy was associated with up-regulation, processing, and recruitment to autophagosomes of microtubule-associated protein 1 light chain 3 (LC3), which is a mammalian homologue of the yeast autophagy regulating protein Apg8/Aut7p. Treatment of cells with a specific inhibitor of autophagy (3-methyladenine) attenuated localization of LC3 to autophagosomes but exacerbated cytosolic release of cytochrome c as well as apoptotic cell death as revealed by analysis of subdiploid fraction and cytoplasmic histone-associated DNA fragmentation. In conclusion, the present study indicates that induction of autophagy represents a defense mechanism against sulforaphane-induced apoptosis in human prostate cancer cells. To the best of our knowledge, the present study is the first published report to convincingly document induction of autophagy by an isothiocyanate class of dietary chemopreventive agent. (Cancer Res 2006; 66(11): 5828-35) 
Introduction
Epidemiologic data continues to support the premise that dietary intake of cruciferous vegetables may be protective against the risk of different types of malignancies, including cancer of the prostate (1) (2) (3) (4) . Organic isothiocyanates, which occur naturally as thioglucoside conjugates (glucosinolates) in a variety of edible cruciferous vegetables, including broccoli, are believed to be responsible for anticancer effects of cruciferous vegetables (reviewed in refs. 5, 6) . Organic isothiocyanates are generated due to myrosinase-mediated hydrolysis of corresponding glucosinolates (5, 6) . Sulforaphane [1-isothiocyanato-4-(methylsulfinyl)-butane] is a naturally occurring member of the isothiocyanate family of chemopreventive agents that has generated a great deal of research interest due to its interesting biological effects (7) (8) (9) (10) . For example, sulforaphane is a potent inducer of the expression of glutathione transferases, which are responsible for detoxification of activated intermediates of a variety of environmental carcinogens, including polycyclic aromatic hydrocarbons (7, 11) . In addition, sulforaphane is an inhibitor of CYP2E1, which is involved in the activation of carcinogenic chemicals (12) . Cancer chemoprevention by sulforaphane or its N-acetylcysteine conjugate has been observed against 9,10-dimethyl-1,2-benzanthracene-induced mammary cancer in rats (8) , azoxymethane-induced colonic aberrant crypt foci formation in rats (9) , and benzo(a)pyrene-induced forestomach cancer in mice (10) .
More recent studies have revealed that sulforaphane inhibits proliferation of cultured cancer cells by causing G 2 -M phase cell cycle arrest and/or apoptosis induction (13) (14) (15) (16) (17) (18) (19) (20) . The N-acetylcysteine conjugate of sulforaphane was recently shown to inhibit histone deacetylase activity (21) . Orally administered sulforaphane at concentrations that may be generated through dietary intake of cruciferous vegetables significantly suppressed growth of PC-3 xenografts in athymic mice without causing weight loss or any other side effects (17) .
An understanding of the mechanism by which sulforaphane causes cell cycle arrest and apoptosis induction in cancer cells is critical for its further development as a clinically useful cancer preventive/therapeutic agent because this knowledge could lead to identification of mechanism-based biomarkers potentially useful in future clinical trials. Recent studies from our laboratory have offered novel insights into the mechanism of sulforaphane-induced cell cycle arrest and apoptosis induction (17) (18) (19) (20) . Using human prostate cancer cells as a model, we have shown that the sulforaphane-mediated G 2 -M phase cell cycle arrest is associated with checkpoint kinase 2-mediated phosphorylation of Cdc25C at Ser 216 leading to inactivation of cyclin-dependent kinase 1 (18) , which together with the B-type cyclins plays an important role in regulation of G 2 -M transition. More recent studies from our laboratory have revealed that the caspase-dependent apoptosis resulting from sulforaphane treatment is regulated by Bax and Bak and initiated by generation of reactive oxygen species leading to disruption of the mitochondrial membrane potential and cytosolic release of cytochrome c (19, 20) .
The present study reports a novel response to sulforaphane in PC-3 and LNCaP human prostate cancer cells involving formation of acidic vesicular organelles (AVO) and autophagy. The sulforaphane-induced autophagy in PC-3/LNCaP cells is associated with up-regulation and processing of autophagy-related protein microtubule-associated protein 1 light chain 3 (LC3) and its recruitment to the autophagosomes. Furthermore, we provide experimental evidence to indicate that sulforaphane-induced autophagy inhibits cytosolic release of cytochrome c and apoptotic cell death in prostate cancer cells. This is the first description to indicate induction of autophagy as a defense mechanism against apoptotic cell death by an isothiocyanate class of dietary chemopreventive agent.
Materials and Methods
Reagents. D,L-Sulforaphane (purity > 99 %) was purchased from LKT Laboratories (St. Paul, MN). Tissue culture medium, penicillin/streptomycin antibiotic mixture, and fetal bovine serum (FBS) were from Life Technologies (Grand Island, NY), propidium iodide, 4 ¶,6-diamidino-2-phenylindole (DAPI), 3-methyladenine (3-MA), and acridine orange were from Sigma (St. Louis, MO), RNase A was from Promega (Madison, WI) and the kit for quantitation of cytoplasmic histone-associated DNA fragmentation was from Roche Diagnostics (Mannheim, Germany). The antibody against LC3 was from Santa Cruz Biotechnology (Santa Cruz, CA), the anticytochrome c antibody was from BD PharMingen (San Diego, CA), and antiactin antibody was from Oncogene Research Products (San Diego, CA).
Cell lines and cell culture. Monolayer cultures of PC-3 cells were maintained in F-12K nutrient mixture (Kaighn's modification) supplemented with 7% (v/v) non-heat-inactivated FBS and antibiotics. PC-3 cells stably expressing green fluorescence protein (GFP)-tagged LC3 (GFP-LC3) were generated by transfection with pGFP-LC3 plasmid, kindly provided by Dr. Tamotsu Yoshimori (National Institute of Genetics, Shizuoka-ken, Japan), using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA) and selection on 800 Ag/mL G418. LNCaP cells were cultured in RPMI 1640 supplemented with 10% (v/v) non-heat-inactivated FBS, 10 mmol/L HEPES, 1 mmol/L sodium pyruvate, 0.2% glucose, and antibiotics. Each cell line was maintained at 37jC in an atmosphere of 95% air and 5% CO 2. Stock solution of sulforaphane was prepared in DMSO and an equal volume of DMSO was added to the controls.
Transmission electron microscopy. Transmission electron microscopy to determine the effect of sulforaphane treatment on ultrastructure of PC-3 and LNCaP cells was done essentially as described by Watkins and Cullen (22) . Briefly, PC-3 or LNCaP cells (2 Â 10 5 ) were plated in six-well plates and allowed to attach overnight. The cells were then treated with either DMSO (control) or 40 Amol/L sulforaphane for 6, 9, or 16 hours at 37jC. The cells were fixed in ice-cold 2.5% electron microscopy grade glutaraldehyde in PBS (pH 7.3). The specimens were rinsed with PBS, postfixed in 1% osmium tetroxide with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol (30-90%), and embedded in Epon (dodecenyl succinic anhydride, nadic methyl anhydride, scipoxy 812 resin, and dimethylaminomethyl; Energy Beam Sciences, Agawam, MA). Semithin (300 nm) sections were cut using a Reichart Ultracut, stained with 0.5% toluidine blue, and examined under a light microscope. Ultrathin sections (65 nm) were stained with 2% uranyl acetate and Reynold' s lead citrate, and examined on a JEOL 1210 transmission electron microscope at Â10,000 or Â50,000 magnification.
Detection of AVOs. PC-3 or LNCaP cells (1 Â 10 5 ) were plated on coverslips and allowed to attach. Following treatment with DMSO (control) or 40 Amol/L sulforaphane for specified time periods, cells were stained with 1 Ag/mL acridine orange for 15 minutes, washed with PBS, and examined under a Leica fluorescence microscope at Â100 objective lens magnification.
Immunocytochemistry for LC3 localization. PC-3 or LNCaP cells (1 Â 10 5 ) were grown on coverslips and allowed to attach by overnight incubation. The cells were then exposed to DMSO or 40 Amol/L sulforaphane for desired time period at 37jC, washed with PBS, and fixed at 4jC overnight using 2% paraformaldehyde. Subsequently, the cells were permeabilized with 0.1% Triton X-100 for 15 minutes at room temperature, washed with PBS, and blocked with PBS containing 0.5% (w/v) bovine serum albumin (BSA) and 0.15% (w/v) glycine (BSA buffer) for 1 hour at room temperature. Cells were treated with anti-LC3 (1: 50 dilution in BSA buffer) antibody for 1 hour at room temperature. Cells were then washed with BSA buffer and incubated with 2 Ag/mL Alexa Fluor 488-conjugated goat anti-rabbit antibody (Molecular Probes, Eugene, OR) for 1 hour at room temperature. Slides were mounted and examined under a Leica fluorescence microscope.
Immunoblotting. Cells were treated with sulforaphane as described above and lysed using a solution containing 50 mmol/L Tris, 1% Triton X-100, 0.1% SDS, 150 mmol/L NaCl, protease inhibitor cocktail, 20 mmol/L Na 3 VO 4 , 20 mmol/L EGTA, 12 mmol/L a-glycerol phosphate, and 10 mmol/L NaF. The lysate was cleared by centrifugation at 14,000 rpm for 15 minutes.
Lysate proteins were resolved by SDS-PAGE and transferred onto polyvinylidene difluoride membrane. The membrane was treated with a solution containing 10 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 0.05% Tween 20 and 5% nonfat dry milk, and incubated with the desired primary antibody for 2 hours at room temperature. The membrane was treated with appropriate secondary antibody for 1 hour at room temperature. The immunoreactive bands were visualized by enhanced chemiluminescence method. The blots were stripped and reprobed with antiactin antibody to normalize for differences in protein loading. The intensity of the immunoreactive bands was determined by densitometric scanning to quantify changes in protein levels.
Apoptosis assay. Apoptosis induction by sulforaphane was assessed by (a) flow cytometric analysis of cells with sub-G 0 -G 1 DNA content (subdiploid cells) following staining with propidium iodide and (b) analysis of cytoplasmic histone-associated DNA fragmentation using a commercially available ELISA kit. For analysis of subdiploid cells, cells were treated with DMSO or sulforaphane in the absence or presence of 10 mmol/L 3-MA. Both floating and attached cells were collected, washed with PBS, fixed with 70% ethanol, and incubated for 30 minutes at room temperature with propidium iodide and RNase A. Stained cells were analyzed using a Coulter Epics XL Flow Cytometer as described by us previously (18) . Cytoplasmic histone-associated DNA fragmentation was determined as suggested by the manufacturer.
Immunocytochemistry for cytochrome c localization. PC-3 cells were grown on coverslips, and exposed to DMSO or 40 Amol/L sulforaphane in the absence or presence of 10 mmol/L 3-MA for 9 hours at 37jC. The cells were stained with MitoTracker Red (CM-H 2 XRos; Molecular Probes) diluted 1:5,000 in complete medium at 37jC for 30 minutes. The cells were kept in fresh medium for 30 minutes and fixed with 2% paraformaldehyde. Immunostaining was done as described above except that anti-cytochrome c antibody was used (1:2,000 dilution) and the cells were treated with 2 Ag/mL Alexa Fluor 488-conjugated goat anti-mouse antibody (Molecular Probes). After washing with PBS, the cells were counterstained with 10 ng/mL DAPI and examined under a Leica fluorescence microscope at Â100 objective lens magnification.
Results and Discussion
Electron microscopy revealed formation of autophagosomes in sulforaphane-treated PC-3 cells. We have shown previously that sulforaphane-induced apoptosis in PC-3 cells is initiated by mitochondria-mediated and nonmitochondrial generation of reactive oxygen species leading to disruption of the mitochondrial membrane potential and release of cytochrome c from mitochondria to the cytosol (20) . The release of cytochrome c and apoptosis induction in PC-3 cells was clearly evident by 16 hours of treatment with sulforaphane (20) . Sulforaphane-induced disruption of the mitochondrial membrane potential, cytosolic release of cytochrome c, and apoptosis was significantly attenuated on pretreatment with small-molecule antioxidants or by adenovirus-mediated transduction of catalase (20) . Because mitochondria with altered membrane potential and active in reactive oxygen species production are especially sensitive to autophagy (23, 24) , which is a dynamic process for degradation and turnover of cytoplasmic organelles, including mitochondria (reviewed in refs. 25, 26) , we hypothesized that sulforaphane may cause autophagy. We tested this hypothesis by examining the ultrastructures of control and sulforaphane-treated PC-3 cells by transmission electron microscopy. As can be seen in Fig. 1 , DMSO-treated control PC-3 cells exhibited large nuclei with uniform and fine dispersed chromatin surrounded by cytoplasm with a normal complement of healthy-looking mitochondria at all three time points. Electron microscopy of PC-3 cells treated for 6 hours with sulforaphane revealed the appearance of large membranous vacuoles in the cytoplasm, but the nuclei of these cells appeared normal with minimum evidence of chromatin condensation. The formation of these membranous vacuoles increased progressively with increasing sulforaphane exposure time. Some of the vacuoles resembled autophagosomes and contained remnants of degraded organelles, including mitochondria (Fig. 1, right, arrowhead) . The cytoplasm of PC-3 cells treated for 16 hours with sulforaphane was full of membranous vacuoles and the nuclei exhibited chromatin condensation, a characteristic feature of cells undergoing apoptosis (Fig. 1) . These results indicated that sulforaphane treatment caused formation of autophagosome-like structures in PC-3 cells and this cellular response occurred before the onset of apoptosis.
Sulforaphane treatment caused formation of AVOs. Formation of AVOs is another characteristic feature of cells engaged in autophagy following treatment with different stimuli, including radiation or ceramide (27, 28) . We therefore determined the effect of sulforaphane treatment on formation of AVOs in PC-3 cells by fluorescence microscopy following staining with the lysosomotropic agent acridine orange ( Fig. 2A) . Acridine orange is a weak base that is able to move freely across biological membranes in an uncharged state characterized by green fluorescence. The protonated form of acridine orange accumulates in acidic compartments and forms aggregates, which is characterized by red fluorescence. As can be seen in Fig. 2A , DMSO-treated control PC-3 cells displayed primarily green fluorescence with minimal red fluorescence, indicating a lack of AVOs. On the other hand, treatment of PC-3 cells with 40 Amol/L sulforaphane resulted in formation of red fluorescent AVOs that were relatively more pronounced at 16 hours posttreatment compared with 6-hour time point. These results provided further evidence to indicate that sulforaphane treatment caused autophagy in PC-3 cells.
Involvement of LC3 in sulforaphane-induced autophagy. To gain insights into the mechanism of sulforaphane-induced autophagy, we examined the effect of sulforaphane treatment on LC3, which is the mammalian homologue of yeast autophagy protein Apg8/Aut7p (28, 29) . LC3 exists as two forms-an 18 kDa cytosolic protein (LC3-I) and a processed 16 kDa form (LC3-II) in cells engaged in autophagy (30) . Studies have also revealed that the LC3-II form is mainly localized in autophagosome membranes (30) . To test the involvement of LC3 in sulforaphane-induced autophagy, we initially determined the effect of sulforaphane treatment on localization of LC3 by immunofluorescence microscopy and the results are shown in Fig. 2B . The DMSO-treated control PC-3 cells (6 or 16 hours) exhibited diffuse distribution of LC3-associated green fluorescence. On the other hand, PC-3 cells treated for 6 and 16 hours with sulforaphane displayed a punctate pattern of LC3 immunostaining with increased fluorescence, which characterizes its redistribution to autophagosomes (Fig. 2B) . To confirm involvement of LC3 in sulforaphane-induced autophagy, we generated stable transfectants of PC-3 cells expressing GFP-LC3 (30) . Fluorescence microscopy revealed a diffuse localization of GFP-LC3 in DMSO-treated control cells (Fig. 3A) . By contrast, treatment of cells with 40 Amol/L sulforaphane for 6 hours produced a punctate pattern for GFP-LC3 fluorescence, indicating recruitment of LC3-II to autophagosomes during sulforaphaneinduced autophagy (Fig. 3A) .
Next, we tested whether sulforaphane treatment caused processing of full-length LC3-I (18 kDa) to LC3-II (16 kDa) by performing immunoblotting using lysates from PC-3 cells treated with either DMSO (control) or 40 Amol/L sulforaphane for 6, 9, and 16 hours (Fig. 3B) . Lysates from DMSO-treated control PC-3 cells exhibited predominantly an 18 kDa band representing LC3-I. An immunoreactive band corresponding to processed LC3-II (16 kDa) was either not detectable (6-hour time point) or present with a weak intensity (9-and 16-hour time points) in DMSOtreated control lysates. On the other hand, immunoblotting using lysates from sulforaphane-treated PC-3 cells revealed the presence of processed LC3-II that was evident as early as 6 hours posttreatment and its intensity increased with longer treatment times. In addition, sulforaphane treatment caused a marked increase in the level of LC3-I protein especially at the 9-and 16-hour time points compared with vehicle-treated control (Fig. 3B) . Collectively, these results indicated that the sulforaphane-induced autophagy in PC-3 cells was associated with induction as well as processing of LC3-I to promote redistribution of LC3-II to autophagosomes.
Autophagy inhibited sulforaphane-induced apoptosis. Next, we raised the question whether induction of autophagy affects sulforaphane-induced cell death. We addressed this question using 3-MA, a specific inhibitor of autophagy (31) . The sulforaphaneinduced redistribution of LC3-II to autophagosomes was significantly attenuated in the presence of 10 mmol/L 3-MA as revealed by immunofluorescence microscopy for LC3 localization (data not shown). The effect of 3-MA on sulforaphane-induced apoptosis was determined by analysis of subdiploid cells by flow cytometry following staining with propidium iodide. Representative flow histograms for PC-3 cultures treated for 16 hours with either DMSO or 40 Amol/L sulforaphane in the presence or absence of 3-MA are shown in Fig. 4A . Sulforaphane treatment caused a nearly 6-fold increase in the percentage of apoptotic cells with sub-G 0 -G 1 DNA content compared with DMSO-treated control. Importantly, sulforaphane-induced apoptosis was exacerbated in the presence of 3-MA, whereas 3-MA treatment alone did not cause accumulation of subdiploid cells (Fig. 4B) . The percentage of apoptotic cells with sub-G 0 -G 1 DNA content was increased by f2.3-fold upon cotreatment of PC-3 cells with sulforaphane and 3-MA when compared with sulforaphane treatment alone (P < 0.05 by one-way ANOVA followed by Bonferroni's multiple comparison test; Fig. 4B ). The 3-MA-mediated exacerbation of sulforaphane-induced apoptosis was confirmed by analysis of cytoplasmic histone-associated DNA fragmentation, which has emerged as a sensitive technique for quantitation of apoptosis. As can be seen in Fig. 4C , cytoplasmic histone-associated DNA fragmentation was statistically significantly higher in PC-3 cells cotreated with 3-MA and sulforaphane compared with that observed on treatment with sulforaphane alone (P < 0.05 by one-way ANOVA followed by Bonferroni's multiple comparison test). In agreement with the results of subdiploid cell analysis, 3-MA treatment alone did not cause cytoplasmic histone-associated DNA fragmentation. Collectively, these results indicated that sulforaphane-induced autophagy inhibits apoptosis in our model.
3-MA promoted sulforaphane-induced release of cytochrome c. The results of the apoptosis assays described above raised the question of whether autophagy prevented sulforaphaneinduced cytosolic release of cytochrome c due to sequestration of mitochondria in autophagosomes. To address this question, we determined the effect of sulforaphane F 3-MA treatments on cytochrome c release by immunocytochemistry and the results are shown in Fig. 5 . The cytochrome c in PC-3 cells treated for 9 hours with DMSO alone or 3-MA alone was largely localized in mitochondria, as revealed by a yellow-orange staining around DAPI-stained nuclei (blue fluorescence). The yellow-orange staining was due to the merging of red fluorescence (MitoTracker Red) derived from mitochondria and cytochrome c-associated green fluorescence. Sulforaphane treatment alone caused translocation of cytochrome c from mitochondria to the cytosol, which was evidenced by the appearance of green fluorescence in the cytoplasm (marked by an arrow in panel representing sulforaphane treatment alone). This cytochrome c-associated green fluorescence was considerably more pronounced in PC-3 cells treated with sulforaphane plus 3-MA. These results indicated that inhibition of autophagy by 3-MA potentiated sulforaphanemediated release of cytochrome c.
Sulforaphane-induced autophagy was not restricted to PC-3 cells. Next, we raised the question of whether sulforaphaneinduced autophagy was restricted to PC-3 cells due to its unique genetic background. To address this question, we used another well-characterized human prostate cancer cell line, LNCaP. Unlike PC-3 cells, the LNCaP cell line is androgen-responsive and contains wild-type p53. Similar to PC-3 cells, however, treatment of LNCaP cells with 40 Amol/L sulforaphane resulted in formation of membranous autophagosome-like structures that were evident as early as 6 hours after treatment (Fig. 6A ) and increased gradually with increasing treatment times (results not shown). In addition, sulforaphane treatment (40 Amol/L for 6 hours) caused formation of AVOs as revealed by vital acridine orange staining (Fig. 6B) , whereas AVOs were less visible in DMSO-treated control LNCaP (Fig. 6B) . Immunostaining for LC3 localization confirmed the induction of autophagy in LNCaP cells treated with sulforaphane characterized by punctate pattern of LC3 distribution to autophagosomes (Fig. 6C) . Finally, similar to PC-3 cells, sulforaphaneinduced accumulation of subdiploid cells (data not shown) and cytoplasmic histone-associated DNA fragmentation (Fig. 6D) were significantly increased in the presence of the autophagy inhibitor 3-MA. Collectively, these results indicated that sulforaphaneinduced autophagy was a generalized phenomenon and not restricted to PC-3 cells.
The present study provides experimental evidence to show, for the first time, activation of an autophagic program in human prostate cancer cells on treatment with sulforaphane, which is a highly promising cancer chemopreventive constituent of many edible cruciferous vegetables (5-10). Sulforaphane-mediated autophagy in PC-3 and LNCaP human prostate cancer cells is characterized by the appearance of membranous vacuoles containing remnants of mitochondria, formation of AVOs, induction of LC3-I, and recruitment of processed LC3-II to autophagosomes. We also show that the sulforaphane-induced morphologic and biochemical changes associated with autophagy precede the onset of apoptosis. For example, sulforaphane-induced formation of membranous vacuoles and AVOs is evident as early as 6 hours after treatment and increases progressively with increasing treatment time, but, as reported previously (20) the morphologic (e.g., chromatin condensation and DNA fragmentation) and biochemical features [e.g., cytosolic release of cytochrome c and proteolytic cleavage of procaspase-3 and poly(ADP-ribose)polymerase] characteristic of apoptosis are not observed until 16 hours posttreatment.
Autophagy is an evolutionary conserved, dynamic, and lysosome-mediated process that begins with the formation of double or multilayer membranous structures and is induced by poor nutrient conditions (25, 26, 31) . During autophagy, the cytoplasmic components, including organelles, such as mitochondria, are engulfed by the membranous vacuoles often called autophagosomes, which fuse with lysosomes where the contents are degraded by the lysosomal proteases (25, 26, 31) . Autophagic response has been observed in response to various cancer-relevant stimuli, including Ras activation (32), nutrient deprivation (33) , and treatment with endostatin (34), radiation (27) , tumor necrosis factor-a (TNF-a; ref. 35) , ceramide (28) , rapamycin (36) , arsenic trioxide (37), or tamoxifen (38) . Autophagy is shown to be cytotoxic by some of these stimuli (e.g., ceramide and rapamycin) and this form of cell death (called type II cell death) is distinct from apoptotic type I cell death (28, 36) . Although the connection between autophagy and apoptotic cell death is not clear, autophagy seems to promote apoptosis in some systems. For example, the formation of autophagosomes has been shown to be associated with TNF-a-induced apoptosis in human T lymphoblastic leukemia cells (35) . In this model, inhibition of autophagy by 3-MA also inhibits DNA fragmentation (35) . The present study reveals that autophagy represents a defense mechanism against sulforaphaneinduced apoptosis in human prostate cancer cells. This conclusion is based on the observations that sulforaphane-induced release of cytochrome c as well as apoptosis induction were significantly exacerbated in the presence of the autophagy inhibitor 3-MA. Thus, it is reasonable to postulate that sulforaphane-induced autophagy sequesters mitochondria in autophagosomes resulting in delayed release of cytochrome c and activation of intrinsic caspase cascade.
Apoptosis induction by certain sulforaphane analogues (e.g., phenethyl isothiocyanate) is regulated by p53 in some cellular systems (14, 39) . For instance, mouse embryonic fibroblasts lacking p53 are resistant to phenethyl isothiocyanate-induced apoptosis compared with fibroblasts derived from wild-type mice (39) . The present study suggests that p53 may not be required for sulforaphane-induced autophagy or apoptosis because both PC-3 cells, which lack functional p53, and LNCaP cells expressing wildtype p53 are sensitive to sulforaphane-induced autophagy as well as apoptosis. Formation of autophagosomes is a complex process regulated by multiple molecules (reviewed in refs. [40] [41] [42] . For example, a conjugation system involving Atg7 and Atg3 is responsible for addition of a phospholipid moiety to LC3-I to trigger its membrane localization. Likewise, autophagy is regulated by type III phosphatidylinositol 3-kinase (PI3K) complex containing beclin-1 (43) . Type III PI3K complex is the putative target of 3-MA (43). Although we have not determined the effect of sulforaphane on beclin-1 protein, inhibition of sulforaphane-induced autophagy in the presence of 3-MA points toward involvement of type III PI3K in autophagic program in our model. Beclin-1 was identified in a yeast two-hybrid screen as a Bcl-2-interacting protein (44) . Recently, it was shown that Bcl-2, by binding to beclin-1, disrupts its autophagy function (45) . Agents capable of disrupting the interaction between Bcl-2 and beclin-1 are likely to promote autophagy. We have shown previously that sulforaphane treatment causes a reduction in Bcl-2 protein level in PC-3 cells (20) , which is likely to relieve beclin-1. Thus, it is possible that sulforaphane-induced autophagy is promoted by disruption of the interaction between Bcl-2 and beclin-1. Mammalian target of rapamycin (mTOR) is also implicated in regulation of autophagy (46) . Inhibition of Saccharomyces cerevisiae TOR increases level of Atg8 (LC3) and the kinase activity of Atg1 (42, 47) . Because we observed up-regulation and processing of LC3 on treatment with sulforaphane ( Fig. 3) , the possibility that sulforaphane targets mTOR to trigger autophagy cannot be ruled out. However, additional experiments are required to systematically explore this possibility. Activation of extracellular signal-regulated kinase 1/2 (ERK1/2) has been shown to stimulate autophagy in human colon cancer cells (48, 49) . Although sulforaphane treatment causes activation of ERK1/2 in PC-3 cells, an inhibitor of ERK1/2 activation (PD98059) fails to protect against sulforaphane-mediated processing and redistribution to autophagosomes of LC3 (data not shown). These results suggest that ERK1/2 may not be involved in sulforaphane-induced autophagy in our model.
In conclusion, the present study reveals that apoptosis induction by sulforaphane in PC-3 and LNCaP human prostate cancer cells is prevented by induction of autophagy. This is the first published report to document activation of an autophagic program in the context of apoptosis by an isothiocyanate class of anticancer agent. It is reasonable to speculate that the cancer chemopreventive activity of sulforaphane may be enhanced by the simultaneous treatment with an inhibitor of autophagy.
